Nerve growth factor (NGF) regulates development and maintenance of function of peripheral sympathetic and sensory neurons. A potential role for the trophic factor in brain has been detected only recently. The ability of a cell to respond to NGF is due, in part, to expression of specific receptors on the cell surface. To study tissue-specific expression of the NGF receptor gene, we have used sensitive cRNA probes for detection of NGF receptor mRNA. Our studies indicate that the receptor gene is selectively and specifically expressed in sympathetic (superior cervical) and sensory (dorsal root) ganglia in the periphery, and by the septum-basal forebrain centrally, in the neonatal rat in vivo. Moreover, examination of tissues from neonatal and adult rats reveals a marked reduction in steady-state NGF receptor mRNA levels in sensory ganglia. In contrast, a 2-to 4-fold increase was observed in the basal forebrain and in the sympathetic ganglia over the same time period. Our observations suggest that NGF receptor mRNA expression is developmentally regulated in specific areas of the nervous system in a differential fashion.
Formation of the nervous system is dependent on a complex interaction of genetic and epigenetic factors and signals. Nerve growth factor (NGF) is required for neuronal survival in vivo and elicits diverse responses, including neurite elongation, neurotransmitter enzyme induction, and target-specific innervation in responsive neurons. The many actions of NGF on responsive neurons are initiated by interaction with a specific cell membrane-bound receptor. The NGF-receptor complex is internalized and transported from nerve terminals to the neuronal cell body, where critical cellular processes are mediated (1) . Kinetic analyses have indicated that there are high-and low-affinity forms of the receptor molecule (2) (3) (4) . Finally, 125I-labeled NGF binding in conjunction with cross-linking agents has allowed characterization of the ligand-receptor complex (5) (6) (7) (8) (9) .
We have initiated an investigation of the in vivo expression of the NGF receptor gene in the nervous system. DNAmediated gene transfer was used previously to isolate the gene encoding the human NGF receptor (10) . The receptor gene is present as a single copy (10, 11) , which is expressed as a single 3.8-kilobase (kb) mRNA. The cloned NGF receptor gene is expressed in heterologous cells as a 75-kDa glycoprotein, similar in size to the receptor found in rat pheochromocytoma PC12 cells (6, 8) , human melanoma cells (12) (13) (14) , human neuroblastoma cells (8) , and cultured sympathetic neurons (8, 9) . Cross species Southern blots indicate that the receptor gene is highly conserved during evolution (15) . We have therefore used human cDNA probes for detection ofthe rat receptor mRNA in RNA blot analysis. We have found that the NGF receptor message is expressed in peripheral ganglia and also in the basal forebrain. Moreover, receptor message expression is differentially regulated during development of the nervous system.
MATERIALS AND METHODS
RNA Isolation and RNA Blot Analysis. RNA was isolated by homogenizing tissues in 4 M guanidine thiocyanate (16) followed by centrifugation through a 5.7 M CsCl cushion. In some cases, poly(A)+ RNA was purified by two rounds of chromatography over an oligo(dT)-cellulose column (17 
RESULTS
Receptor cRNA Probes. To study receptor gene expression in vivo, we used a sensitive RNA probe for NGF receptor mRNA. Antisense RNA is an extremely sensitive probe for detection of mRNA expression via RNA blots or in situ (18) . Furthermore, antisense cRNA efficaciously detects messages of the same gene in widely different species (19) . A genomic fragment from the cloned human NGF receptor gene (10) was used as a probe to screen a XgtlO human melanoma cDNA library. A nearly full-length receptor cDNA measuring Abbreviations: NGF, nerve growth factor; SCG, superior cervical ganglia; DRG, dorsal root ganglia.
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3 kb was isolated (15) and subcloned into a plasmid vector, pSP64, containing the bacteriophage SP6 promoter sequence (20) . The cDNA clone contained most of the coding information as well as -1.9 kb of 3'-untranslated sequence (Fig.  1 ). The insert cDNA was subcloned in an appropriate orientation in p102 to allow antisense RNA transcripts to be synthesized from the SP6 promoter. In addition, a second receptor cDNA, H1, was subcloned into pT7/T3, a similar plasmid vector containing both the T7 and T3 bacteriophage RNA polymerase promoter sequences, thereby permitting in vitro RNA transcription from either strand of the cDNA insert. The 800-base-pair H1 cDNA overlaps with p102 but contains mostly coding information at the 5' end of the receptor mRNA (15) . Antisense probes transcribed from both the 3-kb and the 0.8-kb cDNAs yielded identical results in RNA blot analysis.
Expression of Rat NGF Receptor mRNA in the Peripheral Nervous System. We have used these antisense receptor probes to detect a 3.8-kb receptor message by RNA blot analysis of human A875 melanoma cells and human SYSY neuroblastoma cells (10 (4) . Mouse L-cell fibroblasts, known not to express NGF receptor, display no mRNA for receptor (10) .
To define in vivo expression of the NGF receptor gene, neonatal rats were examined. RNA was extracted from peripheral ganglia of neonatal rats (1 day). Expression of receptor message was detected in total RNA isolated from the sympathetic superior cervical ganglia (SCG) (Fig. 2A , lane 1) and sensory dorsal roof ganglia (DRG) (Fig. 3, lane 1) , each of which contains neurons known to require and respond to the trophic agent. The receptor mRNA in neonatal ganglia is present at %10 times the level observed in PC12 cells, based on the relative abundance of poly(A)+ in the populations (1-2%). NGF receptor mRNA was undetectable in control liver RNA, an organ unresponsive to NGF (Fig.  4B, lane 1) .
Expression in the Brain. NGF-responsive neurons have been detected in the brain only recently: NGF increases the activity of choline acetyltransferase in cholinergic striatal interneurons and septal-basal forebrain neurons in vivo and in vitro (21) (22) (23) (24) (25) (26) (27) . In addition, NGF mRNA and NGF protein have been detected in these brain regions (28) (29) (30) (31) . Earlier binding studies suggested that receptor sites were present in embryonic chicken and rat brain (32) .
We have detected the rat NGF receptor mRNA in poly(A)+ RNA extracted from the basal forebrain (Fig. 4A, lane 2) . The RNA blot analysis of rat sympathetic ganglia RNA. SCG were surgically dissected from Sprague-Dawley rats (Hilltop Labs, Philadelphia) and subjected to guanidine thiocyanate treatment and CsCl gradient centrifugation. Tissue culture cells were removed from plates and RNA was purified similarly. RNA samples were separated on a 2.2 M formaldehyde/0.8% agarose gel and transferred to nitrocellulose. The filter was prewashed for 5 hr at 65°C in 5x SSCPE/5x Denhardt's solution/50% formamide/denatured salmon sperm DNA (500 ug/ml), and hybridized overnight at 65°C in 5X SSCPE/1 x Denhardt's solution/50% formamide/denatured salmon sperm DNA (100 ,ug/ml) with 32P-labeled receptor cRNA (see Fig. 1 ) and 10% dextran sulfate. After washing to 0.2x SSC at 68°C, the filters were exposed to x-ray film at -70°C. brain and peripheral rat NGF receptor mRNA exhibited the same electrophoretic mobility as the human message. As expected, the comparative level of receptor mRNA in the heterogeneous basal forebrain is much lower than for the more homogeneous SCG or DRG samples. Detection of NGF receptor mRNA in the brain is consistent with previous studies, which demonstrated the presence of NGF receptor protein in brain membrane preparations (9, 33) . The presence of NGF receptor mRNA strongly suggests that the receptors are synthesized in the basal forebrain, providing further support for a physiological role for NGF in the brain.
Developmental Expression of the NGF Receptor Gene. Previous work has indicated that the requirements for NGF and NGF responsiveness vary markedly during development (1). To determine whether age-related changes are associated with altered receptor mRNA expression, sympathetic ganglia were examined as a prototype of NGF responsive tissue. Ganglia were dissected from 1-day to 3-month-old rats, total RNA was extracted, and equal amounts of RNA from each age were analyzed by RNA blot analysis. Low level expression of the NGF receptor mRNA was observed in ganglia from 1-day-old animals. In multiple experiments, increasing age resulted in a 5-to 10-fold increase in the steady-state levels of receptor mRNA, determined densitometrically (Fig.  2B, lanes 1-4) . The increase in receptor gene expression correlates well with the known increase in sympathetic receptor numbers during this period (34) .
In contrast to the SCG, abundant NGF receptor mRNA was detected in neonatal sensory DRG (Fig. 3, lane 1) . However, DRG from 3-month-old animals exhibited a dramatic decrease in receptor mRNA (Fig. 3, lane 2) , suggesting that the reduced requirement for NGF that occurs postnatally in the DRG is associated with decreased receptor gene expression. Consequently, expression of the receptor gene appears to be differentially regulated in developing sympathetic and sensory ganglia.
We also examined developmental expression of receptor message in the basal forebrain. Poly(A)+ RNA isolated from embryonic day 16.5, 1-day, 22-day, 7-week, and 13-week basal forebrains was examined by RNA blot analysis. As observed with the SCG, but in contrast to the DRG, basal forebrain receptor mRNA levels exhibited a 2-to 4-fold increase during development (Fig. 4B) . Densitometric analysis of hybridization signals obtained with 1-day, 20-day, and 6-month basal forebrain RNA samples confirmed at least a 3-fold increase in receptor mRNA levels over this period. The continued presence of mRNA for NGF receptor and NGF in the adult (28, 38) suggests that NGF plays a physiological role in the brain through maturity.
DISCUSSION
Our observations indicate that NGF receptor mRNA is differentially regulated in different areas of the nervous system during development and maturity. Earlier work had suggested that NGF receptor levels in chicken sensory ganglia (35, 36) and adrenal chromaffin cells (37) changed with increasing age, as assayed by 1251I-labeled NGF binding. We have found that receptor mRNA expression occurs in both the peripheral and central nervous systems of the normal rat in vivo. High levels of mRNA are detected in DRG in neonatal rats and in the SCG later in development.
Although expression of receptor mRNA is considerably lower in the basal forebrain, steady-state levels of the mRNA persist through adult life. In addition, the receptor mRNA is a single species of identical electrophoretic mobility in basal forebrain, SCG, DRG, and PC12 cells.
Although two kinetic classes of receptor have been described (2-4), several lines of evidence indicate that the receptor cDNA clones we have isolated and the receptor mRNA detected by these cDNAs represent both forms of the receptor. The two classes of receptor are interconvertible (3, 4) , immunologically similar, and the product of a single gene (10) . Furthermore, competition binding and affinity crosslinking combined with immunoprecipitation of the rat NGF receptor from PC12 cells and sympathetic ganglia demonstrate that low-affinity and high-affinity forms are represented by the same protein (8) . Indeed, the cDNAs we have cloned detect the same size receptor mRNA in neuroblastoma cells that express only high-affinity receptors and in melanoma cells that express only low-affinity receptors (10) . Therefore, a single mRNA species is detected for both kinetic forms of the receptor.
Our observations warrant several conclusions. The detection of receptor message in sensory and sympathetic ganglia peripherally, and in the septum-basal forebrain centrally, suggests that receptor is synthesized locally in these areas. This conforms to the well-recognized role 
